A numerical method is used to evaluate the open-circuit voltage of induced-junction solar cells as a function of substrate doping level and oxide charge. For a given oxide charge there is an optimum doping level at which Voc reaches a maximum. The equilibrium surface potential and the Voc increase with increasing oxide charge. The rate of increase, however, falls off sharply once the semiconductor surface is inverted.
PACS numbers: 84.6O. Jt, 73.40.Qv, 72.40 . + w The theory of surface photovoltage (SPV) in semiconductors was first developed by Garrett and Brattain I and Johnson. 2 Assumptions made in their analysis restrict its use to surfaces under low-level illumination. High-illuminationlevel SPY calculations are required to evaluate photovoltaic conversion in metal-oxide-semiconductor induced-junction solar cells proposed by Ca1l 3 and Salter and Thomas. 4 In this letter we describe an exact numerical method for the evaluation ofSPV suitable for both low and high levels ofillumination and present results to show the dependence of the opencircuit voltage Voc of induced-junction solar cells on substrate dopant concentration and the fixed oxide charge at the Si-Si0 2 interface.
Voc of the induced-junction solar cell is the difference between the equilibrium and the illuminated steady-state surface potentials. The surface potential is obtained by solving the Poisson's equation and the two steady-state carrier continuity equations in the semiconductor. For a one-dimensional model, they are, in a normalized form 5 t/!"=ue" '-ve- carrier mobilities a absorption coefficient
Normalized by
where t/!, tPn and tPp are potential, electron and hole quasiFermi levels; U and G are recombination and generation rates; 'T po ' 'Tno , PI' and n I are the parameters associated with Shockley-HaIl-Read recombination statistics; a is the absorption coefficient of the semiconductor for a monochromatic illumination; No is the incident photon flux; NA -N D is the net acceptor concentration, and x is the distance into the semiconductor. Normalization constants for various quantities appear in Table I . The boundary conditions are determined by the fixed oxide charge Q" at the front oxidesilicon interface and the ohmic contact at the back. A computer program based on the numerical scheme of Seidman and Cho0 6 is used to solve this set of equations. The structure under consideration is a p-type silicon substrate 18.3 X 10 -3 cm thick with a silicon dioxide layer on the front surface to establish the fixed oxide charge Q". For simplicity we consider uniform illumination ofthe semiconductor surface and assume that light passes through the oxide layer to the silicon substrate without absorption or reflection. The effects of interface states have also been neglected. For this calculation, we have chosen a monochromatic source with a = 10 4 cm -I and a photon flux No of 10 17 cm -2 s -I. The fixed oxide charge is kept constant at 5 X 1011 cm -2. Values of other relevant parameters are given in Table II. Curve (a) of Fig. 1 gives the equilibrium surface potential as a function of substrate dopant concentration NA . For low doping level, the semiconductor is in strong inversion. As the dopant concentration increases, the surface potential increases approximately as 10gNA and reaches a maximum when the semiconductor surface isjust inverted. Beyond this doping, the semiconductor is only depleted. In this region ¢" 'Z N A and ¢ x ~ 0 <X 1/ N A as expected from the abrupt space-charge model of a MOS structure. When the device is illuminated the generated electrons and holes alter the potential distribution in the semiconductor. The surface potential in this case cannot be readily predicted by any simple model. The illuminated surface potential obtained from the exact model is shown by curve (b) in Fig. 1 . This potential is essentially independent of the substrate doping level when the semiconductor surface is inverted in equilibrium. The difference between the equilibrium and illuminated surface potentials is the open-circuit voltage Voc of the cell. This is plotted as curve (c). It is seen here that for a given oxide charge and illumination level, Voc peaks at the doping level at which the equilibrium surface potential is maximum. This peaking is in contrast with the monotonic increase in Voc with dopant concentration in a p-n junction cell which is based on the assumption that the saturation Voc is equal to the built-in potential of the junction. 7 The difference arises because the built-in potential of the diffused junction increases with dopant concentration, whereas the corresponding built-in potential of the induced junction, viz. the equilibrium surface potential, peaks as a function of doping. Figure 2 shows the effect of the fixed oxide charge on Voc of the induced-junction solar cell for a given dopant concentration and illumination level. charge level but the rate of increase falls off rapidly, producing a saturation effect in the Voc vs Qss plot. This indicates that there is no advantage in increasing Qss to a very high level as far as Voc is concerned. Direct proportionality between Q" should be kept low to minimize recombination losses through the interface states. The above open-circuit calculation ignores the effect of the metal grid used to contact the inversion layer. The grid will produce a lowering of Voc due to the leakage current in the forward-biased diode, usually of MIS type, formed between the grid and the semiconductor substrate. As such the calculation represents the upper limit of the Voc obtainable at the illumination level used in the calculation.
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